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Presettlement processes likely influence the geographical distribution and abundance of scyphozoan jellyfish
medusae. In East Asian coastal waters, Aurelia aurita s.l. spawning coincides with the summer monsoon season,
and extreme rainfall events subject planulae to hyposaline conditions, presumably jeopardizing their survival
and settlement. In this study, laboratory experiments were conducted to determine how prolonged exposure
to hyposalinity (25, 20, and 15, in addition to control salinity 32) affects swimming speed, survivorship and
settlement of planula larvae, and subsequent development of metamorphosed polyps. Nearly all planulae
(≥95%) in 32, 25, and 20 were geonegative during the first 4 h of exposure to respective salinities, but the
majority of planulae (70%) in 15 were geopositive. Although no mortality was induced, hyposaline conditions
affected larval behavior and the sequence of post-metamorphosis events. Salinity of 15 significantly increased
planktonic larval duration and settled polyps had morphological deformities. At a salinity of 20, settled
polyps had delayed tentacle development compared to control and 25 treatments. These anomalous results
demonstrate that the response of planulae to environmental stress is more complex than previously assumed
and may depend on the ability of the settled polyps to develop viable feeding tentacles. Salinity is proposed to
be a principal factor influencing planulae dispersion and distribution in temperate monsoon regions.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

The moon jellyfish Aurelia aurita s.l. is the most common and abun-
dant scyphozoan in coastal waters of temperate East Asia, including
China, Japan, and Korea, and population outbreaks of this species have
often caused serious problems in fisheries and coastal power plant
operations (Dong et al. 2010; Lee et al., 2006; Mills, 2001; Uye and
Ueta, 2004). Genetically, specimens from this region and those from
Australia and California, USA, make up a single genotype, temporarily
designated as Aurelia sp. 1, one of ten Aurelia cryptic species (Dawson,
2003; Dawson and Martin, 2001; Ki et al., 2008). In this region, the
first problematic bloom of A. aurita was reported in Tokyo Bay, where
aggregated medusae clogged screens of power plant seawater intakes,
resulting in a blackout in the Tokyo metropolitan area in the 1960s
(Kuwabara et al., 1969; Matsueda, 1969). Since then, A. aurita has
become one of the more dominant zooplankton components in Tokyo
Bay (Omori et al., 1995; Toyokawa et al., 2000). In the Inland Sea of
Japan, a semi-enclosed shallow sea of southwestern Japan, the popula-
tion of A. aurita has significantly increased since the 1980s, based on
the results of an extensive poll of fishermen concerning jellyfish popu-
lation trends and associated nuisance to fisheries (Uye and Ueta, 2004).

Since the 1990s, problematic blooms of A. aurita have frequently
occurred in both Chinese and Korean coastal waters (Dong et al. 2010;
Han et al., 2012; Lee et al., 2006). Environmental and ecosystem chang-
es, such as overfishing, global warming, eutrophication, and marine
construction, have been argued as causes for such prominent increases
in populations of A. aurita in various coastal waters of East Asia
(Dong et al. 2010; Uye, 2011). In the context of increasing jellyfish,
multiple sectors possess considerable motivation to better predict
population fluctuations.

Understanding fluctuations in jellyfish populations is impeded by
the complex scyphozoan life history, which consists of a benthic polyp
and a pelagic medusa. Medusae sexually produce planulae that settle
on hard substrates and metamorphose into polyps, and the polyp
stage, in turn, asexually produces newmedusae (ephyrae). Interannual
fluctuations in abundance of medusae therefore depend upon abun-
dance and survival of each of the life stages of planula, polyp, and ephyra
(Schneider and Behrends, 1994). Although the relative influence
of mortality at these stages remains unknown, the planula stage
determines the polyp stock and therefore may play an important role
in medusae abundance, along with the asexual reproduction of settled
polyps (e.g. Lucas, 2001). However, comparatively little is known
about the physioecology of this larval stage. The planulae of A. aurita
are lecithotrophic and can persist in the plankton from 1 h to one
week (e.g. Gröndahl, 1989; Lucas, 2001; Vagelli, 2007); the duration of
the planula stage is hypothesized to depend upon various biotic and
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abiotic factors that directly influence swimming behavior and survival
in the water column, as well as settling behavior to the substrata
(Lucas, 2001; Schneider and Weisse, 1985). More attention has been
allocated in determining the role of abiotic factors, including pH, tem-
perature, dissolved oxygen concentration, and salinity (Lucas et al.,
2012). The environmental conditions to which planulae are exposed,
however, vary among populations. Much of the work on ecophysiology
of planulae of A. aurita in relation to salinity variations has been
modeled on the conditions of the Baltic Sea—the world's largest
brackish water system with strong vertical and horizontal salinity
gradients (Goldstein, 2012; Holst and Jarms, 2010). The planulae
of A. aurita in the coastal waters of East Asia experience a different
set of environmental conditions, driven by the temperate monsoon
climate. This climate regime is characterized by a distinct wet
season, in which overturning circulation drives summer monsoon
rainfalls (e.g. Trenberth et al., 2000). IPCC models of global climate
change in the next century predict that rainfall events in East Asia,
including those associated with the monsoon season, will intensify
because of the increased atmospheric moisture (Manda et al.,
2014). Since the spawning of A. aurita in this region coincides
with the summer monsoon season, extreme rainfall events subject
planulae to hyposaline conditions, which are presumed to jeopardize
survival because their physiology may be sensitive to these abrupt
salinity reductions.

Responses of the planulae of A. auritahave yet to be examined for the
environmental conditions imposed by a temperate monsoon regime,
where storm surges cause flooding, suddenly exposing medusae and
planulae to water of different salinities (e.g. Mills, 1984; Ping and Liu,
1989). We investigated the ecophysiological response, such as swim-
ming behavior, survival, and settlement of planulae, and development
of settled polyps, in various hyposalinity conditions.

2. Materials and methods

2.1. Collection of planulae

ElevenA. auritamedusaewith planulae observed in brood sacs of the
oral arms were collected by a dip net from a pier at Ondo-no-seto
(34°11.35 N; 132°32.20E), central Inland Sea of Japan, on 10 July,
2013. Medusae were kept in lidded buckets filled with filtered (60-μm
sieve) ambient seawater (salinity: 32) and transported to the Laboratory
of Marine Ecosystem Dynamics, Hiroshima University, where they were
kept in a temperature-controlled room (24 °C). The next day, medusae
incubation water was filtered through a 315-μm sieve to remove
mucus and gelatinous tissue, and planulae were then concentrated
in a 37-μm plankton net. This concentrated solution was transferred
to a graduated cylinder (1000 ml volume) and left to sit for approx-
imately 30 min to allow planulae to aggregate at the surface and
other particulates to settle at the bottom. The planulae were pipetted
to a plastic container of filtered (0.2 μm) 32-salinity seawater and
used in the experiments.

2.2. Behavior and survival of planulae at various salinities

As a preliminary experiment demonstrated that all planulae ex-
posed to 10 and 5 salinities had inflated morphology and subsequently
disintegrated within 1 h of exposure, four salinity treatments (32, 25,
20, and 15) were tested with twenty replicates per treatment. The
0.2-μm-filtered seawater (salinity: 32) from the Ondo-no-seto served
as a control, and hyposaline solutions were prepared by adding
deionized water of the appropriate ratios to the control seawater.
Salinity was measured using a handheld refractometer (Atago Co.,
Master-S/MillM) with a minimum reading of 1. Eighty polystyrene
culture plates, each with 10-ml, 6-wells (diameter: 3.5 cm, depth:
1.5 cm) were prepared, and 10-ml of each of the four salinities was
filled in the wells in advance. Then, A. aurita planulae were individually

introduced into each well, followed by placement of a 3-cm diameter
polyethylene terephthalate (PET) film on the water surface, serving as
a settlement plate. The covered culture plates were placed in darkness
at 24 °C, reflective of the summer temperature in the Inland Sea of
Japan. No food was provided to planulae or polyps.

Following methods similar to Vermeij et al. (2006), periodically
(4–24 h intervals) the following parameters were examined for each
replicate under a dissecting microscope (Olympus, SZX10): 1) the
number of surviving planulae, 2) the position of swimming planulae
(surface, column, bottom), 3) the number of settled planulae, and 4) the
number of tentacles of metamorphosed polyps. Gently moving
the settlement film under the microscope confirmed attachment of
planulae to the substrate. To minimize the effect of light exposure,
the microscopic observations were shortened, usually ≤5 min per
individual, and the experiment was terminated after 6 d. At the end
of the experiment, salinities of ten randomly selected experimental
units were tested to confirm that salinity had not changed during
the experiment.

To test for the effect of salinity on swimming speed, measurements
were conducted for ten randomly selected planulae in salinity of 32,
and five randomly chosen planulae in each hyposalinity level after
an 8-h exposure to respective salinities. Prior to the measurements,
a planula was pipetted with a small volume of water (ca. 0.1 ml),
which was spread thinly onto a gridded glass microscope slide with
a frame (20 × 50 mm). The horizontal positions of planulae were
recorded at 15 frames sec−1 by a CCD camera (Olympus, DP20)
mounted on the microscope, and digitized two-dimensionally using
ImageJ (National Institutes of Health, USA) to produce swimming
trajectories to calculate the swimming speed of each planula.

2.3. Statistical analysis

In subsequent analysis, the fate of each planula was classified largely
to (1) dead, (2) planktonic, and (3) settled and developed (Fig. 1). Since
planktonic larval duration (PLD) is a repeated measure of binary
outcomes (i.e., planktonic or settled), data were assigned to a time
point bin according to time of larval settlement (i.e., larval duration
was measured at eight time points during the experiment; if a larva
settled at time point 2, it was assigned to bin 2; if a larva remained
planktonic at the conclusion of the experiment, it was assigned to
bin 8). The effects of salinity on PLD time point bin and morphology
(length, width) were tested using one-way ANOVAs. Morphology data
adhered to ANOVA assumptions of normality and equality of variance,
tested with normal probability plots and Bartlett's tests, respectively.
PLD data adhered to assumption of homoscedasticity, but deviated
from a normal distribution. However, the ANOVA is quite robust to
minor deviations from the assumption of the underlying population's
normality (Zar, 1996), and data were also analyzed using the non-
parametric Kruskal–Wallis rank sum test for comparison. Swimming
speed data violated the assumption of homoscedasticity and could not
be correctedwith transformations, sowas tested using a Kruskal–Wallis
one-way ANOVA on ranks, followed by a Nemenyi post-hoc test.
All analyses were conducted using R (R Core Team, 2013).

3. Results

3.1. Survival of planulae

During the course of the experiment, two, three, and two planu-
lae kept at salinities of 32, 25, and 20, respectively, died during
pipetting. However, the remaining 73 planulae, even those kept in
the 15 treatment, survived the duration of the experiment, indicat-
ing that no physiological morality occurred within this salinity
range (Fig. 1).
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3.2. Swimming behavior of planulae

Planulae newly isolated from medusae had mean (SD) long and
short diameter of 264 (48) and 130 (21) μm, respectively (n = 10),
and swam in smooth and direct trajectories at an average speed of
1.4 mm sec−1. This swimming behavior continued for planulae in the
control seawater after an 8-h exposure, when their average swimming

speed was 1.9 mm sec−1 (Fig. 2). Hyposalinity significantly reduced
the swimming speed (Kruskal–Wallis chi-squared = 9.473, df = 3,
P= 0.024) as determined for planulae after an 8-h exposure to salinity
reductions, where their median swimming speeds reduced by an
average of 8, 59, and 66% in 25, 20, and 15 treatments, respectively,
compared to those in the control treatment (Fig. 2).

Morphological changes of planulae induced by hyposaline condi-
tions were examined after an 8-h exposure to various salinities.
Although there was no significant difference in the long diameter
(ANOVA, F3,16 = 1.67, P = 0.213) there was a significant difference
in the short diameter for planulae exposed to hyposalinity compared

Fig. 1. Fraction (%) of swimming planulae (blue) and developmental stage of settled polyps (gray) of Aurelia aurita in salinities of 32, 25, 20, and 15 at various elapsed times after the start
of the experiment (n = 20 per treatment). Crosshatchings indicate deviations from the normal sequence of tentacle development.

Fig. 2.Median swimming speed of planulae of Aurelia aurita 8 h after exposure to salinity
treatments (n = 10 at 32, 5 at other salinities). In the boxplots, the box top and box
bottom represent the first and third quartile, respectively; the horizontal line in the box
shows themedian; whiskers show the range. The dashed horizontal line shows themedi-
an swimming speed of planulae newly isolated frommedusae. The letters A, B, and C indi-
cate significantly different groups with Nemenyi post-hoc test. Any groups sharing the
same letter are not significantly different.

Fig. 3.Width of planulae of Aurelia aurita exposed to salinities of 32, 25, 20, and 15 for 8 h
(n = 5 per treatment). In the boxplot, circles beyond the range indicate outliers. The
letters A and B indicate significantly different groups with Tukey's HSD post-hoc tests.
Any groups sharing the same letter are not significantly different.
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to those at salinity 32 (ANOVA, F3,16 = 3.834, P = 0.030) (Fig. 3).
Planulae in 20 and 15 treatments exhibited either more round
or more elongated body shape than those in 32, and exhibited
abnormal swimming behavior, characterized by spiraled motion
with occasional immobility.

After a 4-h exposure to salinity treatments of 32, 25, and 20,≥95% of
planulae were negatively gravitaxic, since they occupied the air–water
interface. In the 15 treatment, 70% of planulae were positively
gravitaxic, since they stayed at the bottom of the well.

After 16 h, planulae in the 32, 25, and 20 treatments did not show
any apparent behavioral difference from those after an 8-h exposure.
However, in the 15 treatment planulae exhibited drastically reduced
swimming speeds, and some stayed in the same position, slowly
spiraling in a vertical orientation.

3.3. Settlement of planulae and development of polyps

The first settlement of planulae occurred within 16 h of incuba-
tion in all salinity treatments, and the number of settled planulae
increased gradually, except at the lowest salinity of 15, where it
remained low, or 30% of initial planulae (Fig. 1). The majority of
planulae settled in an inverted position on the underside of the PET
film, but 13% of settled planulae in 32 and 50% of settled planulae
in 15 attached to the bottom of the well. Salinity had a significant
effect on PLD (ANOVA, F1,72 = 5.089, P = 0.003; Kruskal–Wallis
chi-squared= 10.1042, df=3, P= 0.018), as shown in Fig. 4. Exposure
to salinity 15 significantly prolonged PLD, while no significant
difference in PLD was found between planulae exposed to 20 and
25 compared to 32. Planulae settled neither on the side of the well
nor on the water surface.

Settled planulae metamorphosed to polyps and developed varying
numbers of tentacles (Fig. 5). However, polyps exhibited distorted
morphologies at salinities ≤20. Planulae in 20 settled most rapidly
(Fig. 4), but polyps showed delayed and abnormal tentacle develop-
ment compared to those in 32 and 25 (Fig. 5). Furthermore, at the
end of the experiment, 33% of polyps developed only 7 tentacles,
whereas no 7-tentacled polyps were observed in salinities above 20.
No polyps had developed more than 5 tentacles in 15 at the end of the
experiment, and retracted tentacles were more frequently observed at
this salinity (Fig. 5).

4. Discussion

Herein, salinity has been shown to be an important influence on the
planktonic duration of planulae of A. aurita, aswell as on the subsequent
development of metamorphosed polyps. The influence of hyposalinity
on planktonic larval duration of cnidarian planulae has been previously
established—for example, for Caribbean coral (Montastraea faveolata)
planulae, whose planktonic larval duration is reduced by decreasing
salinity (Vermeij et al., 2006). Our results, however, show that planulae
of A. aurita exhibit a more dynamic, anomalous response to hyposalinity:
salinity of 20 prompted rapid settlement response and reduced PLD,
whereas salinity of 15 psu significantly increased PLD. Since salinity
is a principal environmental factor affecting critical periods from
planktonic life to establishment of benthic polyp populations, it
also likely plays a causal role in population fluctuations, dispersion,
and distribution.

Formation of tentacles during the development of scyphozoan polyps
follows a known, sequential spatiotemporal pattern (Yuan et al., 2008).
In A. aurita, the sequence is 0, 4, 8, 16, and finally 32 tentacles, which
radiate symmetrically from the endoderm surrounding the mouth
opening (Yuan et al., 2008). Our results show that prolonged exposure
(6 d) to salinities ≤20 caused deviations from the normal sequence
of post-metamorphosis events (Figs. 4, 5). Polyps in these hyposaline
treatments developed odd numbers of tentacles, which often grew at
different rates resulting in pronounced morphological asymmetries.
Although themechanisms by which hyposalinity caused developmental
deformities are unknown, such abnormalities presumably reduce polyp
survivorship in the long term.

The observed effects of hyposalinity on the physioecology of
planulae are ecologically relevant because the salinity range tested
in this study reflects natural salinity fluctuations in various East
Asian coastal waters. Salinity at the surface layer (≤0.5 m deep)
along the coast of the Inland Sea of Japan drops below 20 after the
heavy rain associated with the warm and wet summer monsoon
(Hiroshima Agriculture et al., 2013; Matsuda et al., 1990). Therefore,
hyposalinity is presumed to be one of the principal environmental
stressors affecting planulae of A. aurita in East Asian coastal waters.

4.1. Behavior of planulae

While a great deal of attention has been given to the behavior of
scyphozoan planulae at the time of settlement (e.g. Brewer, 1976,
1978, 1984; Cargo, 1979; Holst and Jarms, 2007), much less work
has described the effect of environmental factors on the swimming
behavior of planulae not yet competent to settle (Holst and Jarms,
2010; Prieto et al., 2010). In this study, A. aurita planulae avoided swim-
ming in the water column, preferring to swim either at the surface near
the settlement film or along the bottom of the well. This observation is
in accordance with previous descriptions of behavior of planulae of
A. aurita from theNorth Sea (Holst and Jarms, 2007) and is hypothesized
to be an adaptive behavior for avoiding turbulence or predation
(Webster and Lucas, 2012), or for increasing likelihood of contact with
settlement substrates (Holst and Jarms, 2007). The effect of salinity on
the geotaxis of planulae is complex; it was negative in 32, 25, and 20,
but positive in 15, at least during the first 4 h of exposure. Vermeij
et al. (2006) observed a similar response in planulae of M. faveolata:
the proportion of planulae moving near the bottom of the experimental
container increased with decreasing salinity, 36 to 52 h after spawning.
This was interpreted to be an adaptive escape response, since, in the
field, when a vertical density gradient develops, planulae can escape
from a hyposaline surface layer to more saline deep water. Conversely,
salinity can impose density differences that may inhibit swimming
behavior. Mills (1984) demonstrated that medusae can passively
accommodate salinity discontinuities, but that this osmotic accommo-
dation may take up to several hours, and therefore medusae may be
unable to cross density gradients that develop suddenly in the field.

Fig. 4. Aurelia aurita median planktonic larval duration (PLD) of planulae exposed to
prolonged salinity treatments (n= 18, 17, 18, and 20 at 32, 25, 20, and 15, respectively).
Time point bins correspond to time of settlement, where bin 1 indicates settlementwithin
4 h, bin 2: 16 h, bin 3: 40 h; bin 4: 64 h; bin 5: 88 h; bin 6: 112 h; bin 7: 136 h; bin 8
indicates that the larva remained planktonic at the conclusion of the experiment, 160 h.
In the boxplot, circles beyond the range indicate outliers. The letters A and B indicate
significantly different groups with Tukey's HSD post-hoc tests. Any groups sharing the
same letter are not significantly different.
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This is why mass mortality of the medusae of A. aurita occurs after
heavy rains in the Inland Sea of Japan (Uye, unpublished).

4.2. Survival of planulae

Planulae are lecithotrophic, and osmotic stress may increase meta-
bolic demand. Under such conditions, planulae may exercise one of
two response strategies: 1) remain actively swimming by catabolizing
stored energetic reserves within the larval body, awaiting more suit-
able environmental conditions for settlement and metamorphosis
or, 2) settle and metamorphose, which, while potentially energeti-
cally costly, enables feeding. Given the responses observed in our
study, whether planulae remain swimming or settle may depend
on the ability of the settled polyps to develop feeding tentacles.
In 20, planulae were able to metamorphose and successfully develop
tentacles. Although these polyps developed tentacles more slowly
and developed fewer mean number of tentacles compared to 25 and
32, the tentacles ultimately appeared capable of feeding. In contrast,
settled planulae in 15 exhibited severe morphological distortions,
and feeding tentacles were so stunted or retracted as to prevent
proper feeding. Therefore, under severe osmotic stress, extending
the planktonic stagemaybe advantageous compared tometamorphosing
into a polyp incapable of feeding itself.

This study shows that the planulae of A. aurita from the Inland Sea of
Japan are capable of surviving prolonged exposure (≥6 d) to hyposaline
conditions of 15. Salinity of 10 or lower, however, was fatal to planulae
within 1 h of exposure. A tolerance threshold may exist between
10 and 15. These results demonstrate that the planulae of A. aurita in
the Inland Sea of Japan exhibit a narrower physiological tolerance of
low salinity than those in the Baltic Sea. A similar study with planulae
of A. aurita from the Baltic Sea established 5 as the lower boundary at

which settlement can occur (Goldstein, 2012). At 15, planulae of
A. aurita from the Inland Sea of Japan exhibit developmental delays
similar to those that planulae of A. aurita experience in the Baltic Sea
at 7.5 (Goldstein, 2012, Fig. 17). Therefore, physiological tolerances
differ at the population level in addition to the species level.

The vast majority of experiments with planula larvae use experi-
mental designs wherein multiple larvae occupy a single replicate
(e.g. Duarte et al., 2012; Vermeij et al., 2006; Webster and Lucas,
2012). This design is often justified on the basis that larvae exhibit
high mortality rates, and therefore multiple larvae may be necessary
to obtain sufficient results. It is problematic, however, because it treats
non-independent samples as true replicates and permits confounding
interaction effects within treatments, such as gregarious behavior
(e.g. Gotelli, 1990; Gröndahl, 1989) and cannibalism (Gröndahl, 1988).
In a pre-experiment trial with multiple larvae occupying one container,
newly settled polyps were observed to cannibalize the swimming
planulae, which could confound the settlement ratios of planulae.
Our results demonstrate that it is feasible to conduct experiments
using only one planula per replicate. Under laboratory conditions,
planulae were found to exhibit high survival rates. In the field, too,
lecithotrophic larvae such as cnidarian planulae are presumed to
have lower mortality rates than planktotrophic larvae of echinoderms
because of their shorter development time (Lucas et al., 2012; Uthicke
et al., 2009). This design may therefore be used in future planulae
experiments to reduce confounding variables inherent in laboratory
studies that use multiple larvae per replicate.

The accepted value for the survival period of A. aurita planulae is
up to one week (e.g. Gröndahl, 1989; Lucas, 2001; Vagelli, 2007).
Based on C, N, P contents andmetabolic measurements such as respi-
ration and excretion, the maximal duration of the free-swimming
planula stage has been estimated to be between days and one week

Fig. 5. Stereo microscopic photographs of juvenile polyp development of Aurelia aurita at different salinity levels over time. From left to right: 40 h; 112 h; 136 h; 160 h.
Scale bars = 500 μm.
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(Schneider and Weisse, 1985). In a pre-experiment trial, planulae in
experimental containers without floating substrates were observed
to survive considerably longer than this—capable of active swimming
for up to three weeks. This observation is more in line with the survival
period estimated for Cyanea capillata planulae, which can remain
swimming for up to one month (Russell, 1970). Swimming duration
presumably depends on multiple environmental factors, including
temperature, water turbulence, and presence of suitable settlement
substrate, but our laboratory observations suggest A. aurita planulae
may be capable of considerably postponing metamorphosis. If planulae
do, in fact, prolong their larval period in the field to the same extent as
observed in the laboratory, and if these larvae retain the ability to settle
and metamorphose, this could have implications for dispersal of the
benthic polyp stock (e.g. Pechenik, 1990).

5. Conclusions

This study is a first step toward understanding how the physical
factors reflective of a temperate monsoon regime affect the behavior
and survival of planulae of A. aurita s.l. Our results demonstrate the im-
portance of salinity on larval settlement and subsequent development
of polyps, which, in turn, could play an important role in defining
polyp abundance and strobilation rates.
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